Pulmonary valve replacement (PVR) in patients with repaired tetralogy of Fallot (rTOF-TAP) is often based on cardiac MRI (CMR) right ventricular (RV) volumes indexed to body surface area (BSA). Weight extremes result in increased patient morbidity and affect indexed measurements. We hypothesized that patients with rTOF-TAP at extremes of weight have (1) over-or underestimated indexed volumes and (2) altered parameters of cardiac function. CMRs in patients with rTOF-TAP were retrospectively reviewed; analysis included right and left ventricular (LV) volumes and ejection fractions (EF) and peak global LV circumferential strain (ε cc ) from myocardial tagged images. Indexed volumes were recalculated using ideal BSA. Weight categories were assigned: underweight, appropriate weight, overweight, and obese. Linear regression models with weight category, spline of age, and gender were created to assess the association of weight and parameters of volume and function. When RV volumes were corrected for ideal BSA, 11 (31%) additional overweight and obese patients met published criteria for PVR and 3 (38%) underweight patients no longer met criteria. Obese and overweight patients had larger absolute LV and RV diastolic volumes, but no difference in volumes indexed to ideal BSA. Modeling demonstrated no difference in LVEF or RVEF by weight categories but significant differences in global LV ε cc . Extremes of body weight may result in inappropriate timing of PVR. Extremes of weight lead to abnormalities in global LV ε cc . Although clinical implications of abnormal ε cc are unclear, these patients may be at higher risk for early ventricular dysfunction.
Introduction
Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital heart disease, occurring in approximately 0.04% of all live births, and repair often involves a trans-annular patch (TAP) [1] . Patients with repaired tetralogy of Fallot with trans-annular patch (rTOF-TAP) have subsequent pulmonary insufficiency and progressive right ventricular (RV) enlargement [2] . This progressive RV dilation may result in onset of exercise intolerance, arrhythmia, biventricular dysfunction, and heart failure [3] . Surgical artificial pulmonary valve replacement (PVR) is performed to mitigate the effects of chronic pulmonary insufficiency, but timing of PVR has been intensely debated in the literature [4] [5] [6] [7] [8] [9] .
Surveillance CMR has been established as the optimal imaging modality of the RV [10] . Indications for PVR based on CMR have been published and these recommendations in part include body surface area (BSA)-indexed RV end diastolic volume (RVEDVi) > 150 ml/m 2 or indexed RV end systolic volume (RVESVi) > 80 ml/m 2 [11, 12] . Indexing of CMR volumes to BSA allows for comparison of various age and gender groups [13] . Extremes of weight can lead to an overestimation of RV volumes [14] , but the effects of being underweight or frail have not been evaluated.
Obesity is a severe health epidemic that has not spared children and adults with congenital heart disease [15, 16] . Excess body weight has numerous deleterious effects on health, in particular on cardiac function [17, 18] . Underweight pediatric patients are also at risk for increased morbidity and have been associated with higher risk for postsurgical complications, longer length of stay, and increased cost of hospitalization [19] . Poor nutrition has been associated with increased morbidity during initial surgical repair of Tetralogy of Fallot [20, 21] . Insufficient post-operative weight gain has also been associated with increased risk of mortality following congenital heart surgery [22] . Adults with low BMI post-revascularization procedures have increased risk for CV mortality [23] and adults with low or high BMI have increased risk for post-surgical CV complications and mortality [24] . We hypothesized that (1) underweight, overweight, and obese patients with rTOF-TAP have over-or underestimated indexed ventricular volumes when compared to volumes indexed to ideal BSA and (2) these patients have altered parameters of cardiac function compared to weight appropriate patients.
Materials and Methods

Study Population Demographics
This was a retrospective study approved by the Institutional Review Board and has been performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. The CMR database was reviewed from 2009 to 2013 and patients with TOF were identified. Only patients with previous rTOF-TAP were included in the study. Patients with rTOF-TAP after PVR, valve-sparing TOF repair, TOF with RV-PA conduit repair, original diagnosis of TOF with pulmonary atresia, TOF with absent pulmonary valve syndrome, critical pulmonary stenosis, or pulmonary atresia were excluded from the study. A total of 165 patients were identified and 86 met inclusion and exclusion criteria for the study cohort.
Calculation of Body Mass Index and Weight Group Assignments
BMI was calculated as weight in kilograms divided by square of height in meters. Patients were grouped into four weight categories: underweight, appropriate weight, overweight, and obese, based on Centers for Disease Control and Prevention (CDC), National Heart, Lung, and Blood Institute (NHLBI), and National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) established guidelines [25] . Patients aged 20.0 years and younger were grouped using the following categories based on standard gender-based CDC growth charts: (1) underweight, BMI less than 5th percentile for age, (2) appropriate weight, BMI between 5th and 85th percentile for age, (3) overweight, BMI between 85th and 95th percentile for age, and (4) 
Calculation of Ideal Body Weight
Patients were assigned corrected ideal body weight (IBW) using the standard gender-based formulas to correct for gender-specific differences in body habitus. For patients of all ages in appropriate weight group, no correction was performed. For male patients aged 20.1 years and older, in underweight, overweight, and obese groups, IBW was corrected and recalculated using the Devine formula for males [26] : IBW (kg) = 50 kg + 2.3 kg × (Height (inches) − 60). For female patients aged 20.1 years and older, in underweight, overweight, and obese groups, IBW was corrected and recalculated using the Devine formula for females [26] : IBW (kg) = 45.5 kg + 2.3 kg × (Height (inches) − 60).
For patients aged 20.0 years and younger who were underweight, overweight, or obese, ideal BMI was determined by calculation of the 50th percentile gender-specific BMI for age. To calculate the IBW, the ideal BMI was multiplied by the square of the height (m 2 ). This method has been shown to be most accurate method for calculating IBW in children at extremes of body weight [27] .
Calculation of Body Surface Area
For patients of all ages in appropriate weight groups, the actual body surface area (BSA) was calculated using the Haycock formula [28] : BSA = [0.024265 × height (cm) 0.3964 × weight (kg) 0.5378]. For patients of all ages in underweight, overweight, and obese weight groups, ideal BSA was calculated using the Haycock formula while substituting the patient's ideal body weight in place of actual body weight.
CMR Acquisition
Images were obtained on either a 1.5 T Siemens Avanto (Siemens Healthcare Sector, Erlangen, Germany) or a 1.5 T Philips Intera (Philips Medical Systems, Best, The Netherlands). Functional imaging was performed as previously described using balanced steady-state free-precession images in a short-axis stack [29] . Myocardial tagging was performed in the short axis at the level of the papillary muscles using a segmented k-space fast gradient echo sequence with ECG triggering. Grid tagging was performed with a spacing of 8 mm and 8-10 phases (Philips) or 9-13 phases (Siemens). Typical imaging parameters included slice thickness 6-8 mm, field of view 340 mm × 340 mm, matrix size 256 × 192, and minimum echo time and repetition time. The sequences were breath-holds, and parallel imaging with GRAPPA (Siemens) and SENSE (Philips) with an acceleration factor of two was used.
CMR Analysis
Right and left ventricular volumes and ejection fractions were calculated with manual contouring of the endocardial borders in end-diastole and end-systole using the Leonardo Workstation (Siemens Healthcare Sector, Erlangen, Germany) or the Extended MR WorkSpace (Philips Medical Systems, Best, The Netherlands). These measurements were indexed by dividing each value by the actual BSA and ideal BSA for comparison. Regurgitant volumes and regurgitant fractions were calculated from phase contrast imaging in the main pulmonary artery.
Strain Analysis
Analysis of myocardial tagged images was performed using harmonic phase (HARP) methodology (Diagnosoft Inc., Morrisville, NC). One reader (SS) performed the analysis blinded to BMI and other pertinent clinical data. A mesh was created by manually contouring the endocardial and epicardial borders at end-systole. The software then calculated the peak global and segmental circumferential strain (ε cc ) values; segmental values were calculated in the six segments at the mid portion of the LV using the standard 17 segment model [30] . Peak RV ε cc was calculated using HARP analysis of myocardial tagged images in three regions of RV base, body, and outflow as previously described [31] . Of 86 study cohort patients, 15 patients were excluded from strain analysis due to lack of myocardial tagging during original CMR data collection.
Calculating Ideal Ventricular Volumes
The ideal BSA was used to recalculate RVEDV, RVESV, LVEDV, and LVESV in all patients who fell in the underweight, overweight, and obese categories. Patients who crossed CMR cut-offs were identified.
Statistical Analysis
Four groups of patients (Underweight, Appropriate Weight, Overweight, and Obese) were compared using a Kruskal-Wallis test on the outcomes of interest. Linear regression models with BMI category, spline of age, and gender were fitted to assess the association of BMI category with the outcomes of interest adjusting for age and gender. Predicted values were calculated and plotted. Statistical analysis was performed using R studio 3.0.2 (online at http://www.rstudio.com/). Study data were collected and managed using REDCap (Research Electronic Data Capture) electronic data capture tools hosted at Vanderbilt University [32] .
Results
Demographics
In the cohort of 86 patients, 38% were male (Table 1) . Surgical palliation was performed prior to definitive repair (VSD closure and TAP) in 24% of patients; palliations included a classic Blalock-Taussig shunt, modified Blalock-Taussig shunt, Waterston shunt, or other systemic to pulmonary shunt. The median age at time of definitive repair was 7 months (range 0.3-120 months) and the median age at CMR was 17.5 years (range 3.3-54.8 years) ( Table 1) .
Corrected Volumes
In order to evaluate the effect of weight on CMR-defined criteria, four BMI-based groups were created (Table 2) . BMIbased grouping demonstrated 8 (9%) patients in the underweight group, 43 (50%) patients in the appropriate weight group, 23 (27%) patients in the overweight group, and 12 (14%) patients in the obese group. There was no significant difference in gender within weight groups, though there was a significant difference in age between the groups.
To assess clinical implications of correcting indexed volumes with ideal BSA, we recalculated ideal BMI and ideal BSA in underweight, overweight, and obese patients within our cohort. As would be expected, underweight patients had corrected ideal RVEDVi and ideal RVESVi that were decreased from original non-ideal indexed values (Fig. 1a, b) . In the underweight group, six patients (75%) met published RVEDVi and four patients (50%) met published RVESVi referral criteria for PVR, respectively. When ideal RVEDVi was recalculated in this group, four patients (50%) no longer met PVR referral criteria for RVEDVi and one patient (13%) no longer met RVESVi referral criteria (Table 3 ). In total, 3 (38%) underweight patients no longer met CMR volumetric criteria for PVR referral when corrected for ideal BSA.
Similarly, all overweight and obese patients had corrected ideal RVEDVi and ideal RVESVi that were increased from original non-ideal indexed values (Fig. 1c, d ). When ideal RVEDVi was recalculated, an additional six overweight (26%) and five obese (42%) patients met published RVEDVi criteria for PVR referral (Table 3 ). When ideal RVESVi was calculated, two overweight (9%) and two obese (17%) patients who had previously met published indexed RVEDVi criteria also met indexed RVESVi criteria for PVR referral (Table 3 ). In total, an additional 13 (31%) overweight and obese patients met CMR volumetric criteria for PVR referral when corrected for ideal BSA.
When using the RVEDV:LVEDV ratio to determine candidacy for PVR, nine obese (75%) and ten overweight (43%) 
Strain Analysis
Univariate analysis demonstrated a significant difference between weight groups for LV global ε cc (p = 0.023) and ε cc in the anteroseptal and inferior segments (p = 0.005 and p = 0.027, respectively). There was no significant difference in LVEF or RV ε cc parameters between groups using univariate analysis. When adjusted for age and gender there was a significant association between BMI category and LV global ε cc (p = 0.022) as well as LV ε cc in the inferior segment (p = 0.04) (Fig. 2 ). These differences were driven by the difference in ε cc between obese and appropriate weight patients. Notably, there was no significant association between LVEF and BMI (p = 0.41) (Fig. 2) .
Discussion
Our study demonstrates the following novel findings:
1. Extremes of body weight lead to significant under-and overestimation of RVEDVi and RVESVi in patients with rTOF-TAP relative to calculations based on ideal BSA. 2. Patients with rTOF-TAP have abnormalities in global myocardial strain associated with BMI weight categories.
This is the first study, to our knowledge, to evaluate underweight patients with rTOF-TAP. These findings are important because they impact timing of PVR. Moreover, these data demonstrate that obesity leads to subclinical LV dysfunction, suggesting that weight modification through diet and exercise could lead to improvements in outcomes in patients with rTOF-TAP.
Assessment of appropriate timing for PVR is integral to long-term outcomes. Performing surgery too early needlessly exposes patients to operative risks. Alternatively, delaying too long can theoretically lead to increased incidence of arrhythmia and ventricular dysfunction. Very few studies have evaluated the effect of weight on PVR timing, and none have evaluated underweight patients. We confirmed the findings of Maskatia et al., who found that correcting RV volumes in obese patients after tetralogy of Fallot repair using ideal BMI and BSA increases the number of patients who may require PVR [14] . Without this correction, referral for PVR may be delayed, potentially placing these patients at additional risk. We also demonstrated that using traditional methodology in underweight patients leads to overestimation of ventricular volumes. Given the increased surgical morbidity and mortality in underweight patients, avoiding unnecessary surgery in underweight patients is paramount.
Previous studies had suggested the use of the ratio of RVEDV:LVEDV in individuals with BSA larger than expected norms [10, 11] . Using this methodology, 60% of our cohort would have met criteria for PVR, raising concern that this method of correction may be too aggressive. The RVEDV:LVEDV ratio applies a different methodology to assess PVR candidacy in obese and overweight patients than that currently used in appropriate weight patients. Interestingly, when we compared the two methods, we found that that they reclassified different obese and overweight patients as meeting criteria for PVR. While both methods are valid, we feel the use of ideal BSA to index RV volumes provides a more consistent method to identify patients for PVR across weight categories. Moreover, the (4) 33 (14) 22 (5) 25 (3) 23 (8) 30 (26) Ideal RVESVi 38 (3) 33 (14) 30 (7) 42 (5) 34 (12) 33 (28) RVEF 38 (3) 21 (9) 22 (5) 17 (2) 20 (7) 22 (19) LVEF 25 (2) 16 (7) 13 (3) 17 (2) 14 (5) 17 (15) ideal BSA is not affected by left ventricular dilation, a comorbidity that can be present in this patient population. We were not able to rule out meaningful associations between BMI and RV ε cc . This may have been related to limitations in the methodology. Although this methodology has been reported previously [31] , it is dependent on RV hypertrophy for analysis and therefore has not been validated in normal subjects. It is possible that assessment of RV longitudinal strain would be preferable or that changes in weight preferentially affect the LV myocardium. This is the first study, to our knowledge, to find an association between BMI and global LV ε cc assessed by HARP in patients with rTOF-TAP. The assessment of myocardial strain has been reported separately in obese patients and corrected for gender and age in the association between weight category and outcomes of interest; predicted mean data are shown as green dots, assuming an age of 17.5 and female gender in patients with rTOF. Abnormal myocardial strain is well described in obese patients by both CMR and echocardiography when compared with controls [33, 34] . In the rTOF-TAP population, abnormal left ventricular strain and LV dysfunction has been shown [31] . Notably, we did not find an association between BMI and LVEF as was described by Maskatia et al [14] . However, our study agrees with more recent data suggesting no difference in LVEF between weight categories [35, 36] . Our data also confirm the findings of Fogel et al. of similar ventricular volumes across weight categories when using ideal BSA [35] . The association between global LV ε cc and BMI was not significant between underweight and appropriate weight groups, though this trend may reach significance with larger numbers. The LV ε cc in the inferior segment was also decreased in obese patients. It is unclear why this segment was most affected. It is possible that being underweight or overweight has a preferential effect on the inferior segment. It is also possible that this segment undergoes more injury through ventricular-ventricular interactions and RV enlargement [37] .
Although the implications of abnormal LV ε cc for timing of PVR are unclear, abnormal LV ε cc suggests that obese patients may be at higher risk of developing LV dysfunction than their appropriate weight counterparts. These data reinforce the need for pediatric and adult congenital cardiologists to counsel patients to maintain healthy weights.
Limitations
This is a retrospective study in a small cohort of patients. However, the changes in indexed RV volumes in under and overweight patients are likely generalizable. The clinical implications of reduced myocardial strain are unclear, and prospective studies with larger cohorts should be performed. Strain was only analyzed in the LV at the level of the papillary muscles; abnormalities in other LV segments would be missed with this methodology. We were unable to use absolute BMI as this cohort spanned pediatric and adult patients. In order to account for this, we categorized patients. Although not using a continuous variable in the analysis limits the power of the analysis, we felt it was necessary to account for different "normal ranges" of BMI depending on age and gender.
Conclusions
We demonstrate that extremes of body weight lead to both under-and overestimation of indexed RV volumes relative to calculations based on ideal BSA, significantly affecting the number of patients who meet criteria for PVR. Given the increased surgical morbidity and mortality in both underweight and overweight patients, accurate assessment of RV volumes is paramount. These values can be corrected using ideal BSA methodology. We also revealed a relationship between BMI and global LV ε cc . While the implications of decreased LV ε cc on PVR timing are unclear and require further evaluation, these data demonstrate that weight has an effect on LV function in patients with rTOF-TAP.
